ABSTRACT: Angiopoietin-like protein 4 (ANGPTL4; also known as fasting-induced adipose factor) is a plasma protein that stimulates oxidation of fatty acids and inhibits fat accumulation. The gastrointestinal tract appears to play an important role in regulating plasma ANGPTL4 concentration in some situations and may be influenced by microbes within the gastrointestinal tract. Our aim was to determine which tissues express ANGPTL4 in the bovine. Rumen, omasum, abomasum, duodenum, jejunum, ileum, colon, pancreas, liver, and subcutaneous adipose tissue samples were collected postmortem from 2 steers. Abundance of ANGPTL4 messenger RNA was quantified by quantitative realtime PCR, and was most abundant in liver and adipose tissue (P < 0.05). We also detected ANGPTL4 messenger RNA throughout the gastrointestinal tract, although its abundance was approximately 10% of that found in liver and adipose tissue. Western blot analysis revealed that ANGPTL4 protein was most abundant in liver and adipose tissue (P < 0.05), but omasal, abomasal, and ileal samples contained at least 60% as much ANGPTL4 protein as the liver and adipose tissue samples, and the protein was detected in all tissues. Finally, cross-sections of the liver, pancreas, and rumen wall were used for indirect immunofluorescent detection of ANGPTL4. Despite the low abundance of ANGPTL4 measured by quantitative real-time PCR and Western blot in ruminal tissue, immunofluorescence demonstrated that expression of ANGPTL4 in ruminal epithelial cells was equivalent to or greater than that in liver hepatocytes. These findings indicate that, as in other species studied, liver and adipose tissue are key sources of ANGPTL4 in cattle. However, the protein was also highly abundant in ruminal epithelium, making it possible that commensal microbes may influence ANGPTL4 synthesis and secretion in the ruminant gastrointestinal tract.
INTRODUCTION
The genomic era has led to the discovery of numerous proteins that contribute to the regulation of metabolism. Among these, members of the angiopoietin-like family of proteins (ANGPTL) have attracted attention for their effects on angiogenesis, glucose homeostasis, and lipid metabolism (Hato et al., 2008) . Despite their structural similarity to angiopoietins, ANGPTL do not bind to angiopoietin receptors Tie 1 or Tie 2, and no receptors for this family have been identified (Hato et al., 2008) . Nevertheless, direct effects of ANGPTL family members on intracellular metabolism (Shimamura et al., 2003) as well as angiogenesis (Oike et al., 2004) indicate these proteins can act as endocrine factors.
A growing body of literature suggests that angiopoietin-like protein 4 (ANGPTL4; also known as fastinginduced adipose factor and PPARγ angiopoietin-related protein) plays a key role in maintaining metabolic homeostasis by stimulating oxidation of fatty acids (Backhed et al., 2007b) and inhibiting fat accumulation (Mandard et al., 2006) . Of particular interest is the evidence that gastrointestinal microbes decrease ANGPTL4 concentration in the bloodstream, thus promoting fat accumulation. This was demonstrated when wild-type mice raised in a germ-free environment were incapable of becoming obese, whereas ANGPTL4-knockout mice in the germ-free environment were not protected from obesity (Backhed et al., 2004 (Backhed et al., , 2007b .
Given that approximately 70% of the energy requirements of ruminants are met through end products of microbial fermentation (Bergman, 1990) , ANGPTL4 may be very important in ruminant metabolic physiol-ogy. Our aim in this study was to determine which tissues in the bovine express ANGPTL4, with a particular focus on gastrointestinal tissues.
MATERIALS AND METHODS
Animal protocols were approved by the Kansas State University Institutional Animal Care and Use Committee.
Tissue Preparation
Tissues were collected postmortem from 2 mature (approximately 550 kg of BW) Angus-based steers (Bos taurus) slaughtered at the Kansas State University Meat Laboratory. Tissue samples were collected from the rumen (ventral sac), omasum, abomasum, duodenum, jejunum, ileum (collected from the proximal, middle, and distal thirds of the small intestine, respectively), large intestine (collected immediately distal to the ileocecal junction), pancreas, liver, and subcutaneous adipose tissue. All samples were collected within 45 min postmortem, immediately frozen in liquid nitrogen, and subsequently stored at −80°C until analysis. For immunohistochemical studies, small pieces of tissue were embedded in Optimal Cutting Temperature Compound (Sakura Finetek, Torrance, CA), frozen in liquid nitrogen, and then sectioned serially with a cryostat set for a thickness of 7 µm. Two contiguous sections were used, one for hematoxylin staining and the other for indirect immunofluorescence.
Quantitative Real-Time PCR
Tissue samples (approximately 20 mg) were homogenized in 1 mL of ice-cold lysis reagent, and total RNA was isolated with affinity columns (RNeasy Lipid Tissue Mini Kit, Qiagen, Valencia, CA) according to the instructions of the manufacturer. Quality of RNA was verified with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). To synthesize singlestranded cDNA from total RNA, we used a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) with 1 µg of total RNA per 20-µL reaction. Reverse transcription was performed on a thermal cycler (Bio-Rad, Richmond, CA) by using the following protocol: 25°C for 10 min, 37°C for 120 min, 85°C for 5 s, and cooling at 4°C.
Relative ANGPTL4 expression was quantified by using the 2 −ΔCt method with an ABI Prism 7000 Sequence detector (Applied Biosystems). All sample values were normalized against ribosomal protein subunit 9 (RPS9) values (Janovick-Guretzky et al., 2007) . Primer sequences were designed with Primer Express software (Applied Biosystems) using GenBank accession number NM_001046043.2 for bovine ANGPTL4 and accession number DT860044.1 for bovine RPS9. Sequences were as follows (all 5′ to 3′): bovine ANGPTL4 forward, GATGGCTCCGTGGACTTTAACC; reverse, GGATGTGATGCACCTTCTCCAG; bovine RPS9 forward, GAACAAACGTGAGGTCTGGAGG; reverse, ATTACCTTCGAACAGACGCCG. Both primer sets were designed to span an exon-exon boundary (regions amplified: RPS9, 233 to 344; ANGPTL4, 907 to 1,009), and melt curves (60 to 95°C) were monitored to verify that a single transcript was amplified. Each 25-µL reaction contained cDNA corresponding to 1 µg of total RNA, and gene-specific primers were included at a final concentration of 200 nM. Amplification was performed in a 96-well plate with a SYBR Premix Ex Taq Kit (Takara Bio USA, Madison, WI). Amplifications were performed in triplicate by using a standard shuttle PCR protocol (30 s at 95°C and 30 s at 60°C) for 40 cycles. Data were recorded and analyzed with Sequence Detector software (Applied Biosystems), and means and SD were calculated for each tissue type.
To verify that ANGPTL4 primers amplified the correct sequence, genomic DNA was isolated from liver tissue (DNeasy Tissue Kit, Qiagen) and was amplified using the PCR protocol described above, with ANGPTL4 primers included at a 500 nM final concentration. The PCR product was purified (QIAquick PCR Purification Kit, Qiagen) and product purity was verified by gel electrophoresis. The purified product was sequenced at the Kansas State University DNA Sequencing Facility by using a capillary sequencer (3730 DNA Analyzer, Applied Biosystems).
Western Blot Analysis
Tissue samples (approximately 40 mg) were lysed at 4°C with radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% nonyl phenoxylpolyethoxylethanol-40, 0.5% sodium deoxycholate, and 0.1% SDS; Santa Cruz Biotechnology, Santa Cruz, CA) containing an X1 broad-spectrum protease inhibitor cocktail (Protease Inhibitor Cocktail I, Calbiochem, Gibbstown, NJ) and centrifuged at 15,000 × g for 10 min at 4°C. Protein concentration was measured with a Coomassie protein assay kit (Pierce, Rockford, IL). Proteins in the supernatant were denatured with SDS buffer containing dithiothreitol for 5 min at 95°C. Forty micrograms of protein was loaded in each lane, and proteins were separated by using SDS-PAGE on a 4 to 12% Tris-glycine gel, transferred to a nitrocellulose membrane (iBlot, Invitrogen, Carlsbad, CA), and incubated with a goat anti-ANGPTL4 antibody (1:1,000 dilution; Santa Cruz Biotechnology). The secondary antibody (anti-goat IgG, Santa Cruz Biotechnology) was diluted 10,000-fold. All incubations were performed in Tris-HCl buffer, pH 7.5, with 0.1% Tween 20 and 5% dry milk. Dry milk was not added for the final washing. Immunodetection was performed by using chemiluminescence (West-Dura, Thermo Scientific, Waltham, MA). Signal intensity was determined by densitometry (ChemiDoc-It Imaging System, UVP Tissue expression of angiopoietin-like protein 4 in cattle Inc., Upland, CA), and means and SD were calculated for each tissue type.
Indirect Immunofluorescence
Tissue sections were fixed with cold acetone for 10 min and then rinsed in PBS. Slides were drained, overlaid with 0.3 mL of primary goat anti-ANGPTL4 antibody (Santa Cruz Biotechnology) diluted 1:50, and kept for 30 to 60 min at room temperature. After incubation, slides were rinsed 3 times with PBS-Tween 20 for 2 min and then overlaid with the secondary fluorescein isothiocyanate-conjugated anti-goat antibody, diluted 1:100, for 30 min at room temperature. Slides were then observed with a microscope equipped with epifluorescent illumination (model AE31, Motic, Richmond, Canada). Images were acquired with a digital camera (model E995, Nikon Corp., Tokyo, Japan).
Histochemical Assay
For histochemical studies, fixed sections were incubated for 3 min in hematoxylin solution (35.2 g/L of aluminum sulfate, 0.4 g/L of sodium iodate). After 3 washes for 5 min each in PBS, sections were allowed to air-dry before glycerol was added. Images were visualized with an inverted microscope (model AE31, Motic), and images were taken with a digital camera (Nikon E995).
RESULTS

Abundance of ANGPTL4 in Bovine Tissues
The quantitative PCR assay for ANGPTL4 produced reliable results, based on the single product detected by melt curve analysis and the amplification efficiency determined by sample dilution (mean efficiency = 2.04). Additionally, the PCR product sequence aligned with bovine ANGPTL4 (98% identities) but failed to align with any other sequence in the bovine genome (http:// blast.ncbi.nlm.nih.gov), indicating that this primer pair amplified only the gene of interest. Liver and adipose tissue had substantially greater ANGPTL4 messenger RNA (mRNA) abundance than other tissues (P < 0.05), with measurable but lesser concentrations in the gastrointestinal tract (Figure 1 ). Transcript abundance was relatively consistent across gastrointestinal tissues, ranging from 10 arbitrary units in the abomasum to 30 arbitrary units in the jejunum, with no discernable relationship to the relative abundance of commensal microflora inhabiting each portion of the tract.
Protein lysates from each tissue sample were examined by Western blotting to determine whether ANGPTL4 protein could be detected in these tissues. Two bands were detected by the anti-ANGPTL4 antibody in most samples (Figure 2) , with approximate masses of 55 and 42 kDa. Bovine ANGPLT4 is a 410-AA protein with a predicted mass of 45.5 kDa (National Values are means ± SD (n = 2), expressed relative to ribosomal protein subunit 9 mRNA abundance. Transcript abundance in pancreas was very low, and other tissues are expressed relative to this tissue to demonstrate that abundance was at least 10-fold greater in other tissues sampled. Note the discontinuous scale on the y-axis.
Center for Biotechnology Information accession number NP_001039508.1), roughly corresponding to the lower band. The upper band corresponds with the expected mass of glycosylated ANGPTL4, as observed in rodent tissues (Kim et al., 2000) . Bands representing both glycosylated and deglycosylated protein were included in densitometry analysis of relative protein abundance.
The pattern of ANGPTL4 protein abundance differed from the gene expression pattern across tissues, except that liver and adipose tissues had the greatest abundance of both mRNA and protein (P < 0.05; Figure 2) . Although ANGPTL4 protein was detected in all gastrointestinal tissues, its abundance was greatest in omasal tissue (P < 0.01).
Detection of ANGPTL4 by Indirect Immunofluorescence
In the ruminant gastrointestinal tract, commensal microbes are most abundant in the rumen, and microbes are likely to have the greatest effect on ruminal epithelial cells. Therefore, we used immunofluorescence to determine the localization of ANGPTL4 protein in ruminal tissue samples. On the basis of transcript abundance results, we chose liver as a positive control and pancreas as a negative control for the immunofluorescence assay. Histochemical staining by hematoxylin showed that liver ( Figure 3A) , pancreas ( Figure   3B ), and rumen ( Figure 3C ) tissues were normal and healthy. As expected, ANGPTL4 was detected by immunofluorescence in the liver ( Figure 3D ), but only weak fluorescence was observed in the pancreas ( Figure  3E) . In cross-sections of the rumen wall, ANGPTL4 detection was greatest in the epithelial layer, with much weaker detection in the surrounding connective tissue ( Figure 3F ).
DISCUSSION
Angiopoietin-like protein 4 has emerged as a key regulator of plasma cholesterol (Lichtenstein et al., 2007) , triglyceride, and NEFA (Desai et al., 2007) concentrations. Three groups independently reported the discovery of ANGPTL4 approximately a decade ago (Kersten et al., 2000; Kim et al., 2000; Yoon et al., 2000) . These early reports focused on stimulation of ANGPTL4 synthesis by activation of PPAR isoforms in liver and adipose tissue, as well as on dramatic increases in plasma ANGPTL4 concentration during fasting (Kersten et al., 2000; Yoon et al., 2000) . In subsequent work by Yoshida et al. (2002) , administration of exogenous ANGPTL4 rapidly increased plasma concentrations of triglycerides, NEFA, and cholesterol, in part through inhibition of lipoprotein lipase activity. More recent publications have corroborated these early find- Tissue expression of angiopoietin-like protein 4 in cattle ings, showing that ANGPTL4 directly inhibits activity of lipoprotein lipase (Sukonina et al., 2006) and also hepatic lipase, resulting in a compensatory increase in hepatic cholesterol synthesis (Lichtenstein et al., 2007) . Given that elevated ANGPTL4 concentrations can dramatically decrease adipose tissue accretion (Backhed et al., 2004) , effects of diet on ANGPTL4 secretion are of interest in ruminant nutrition.
The present results indicate that ANGPTL4 is widely expressed in bovine tissues, including the gastrointestinal tract. Consistent with expression patterns reported in mice (Yoon et al., 2000) , pigs (Feng et al., 2006) , and humans (Kersten et al., 2009) Loor et al. (2007) recently reported increased expression of ANGPTL4 in livers of periparturient dairy cows in negative energy balance, consistent with reported responses to energy deficit in mice (Ge et al., 2005) . Based on expression patterns, our data show that bovine liver may be an important source of circulating ANGPTL4, making it a plausible signal for mediating hepatic communication to peripheral tissues . In addition, ANGPTL4 can be added to the list of adipokines secreted by bovine adipose tissue. Analysis of both transcript and protein abundance showed that synthesis of ANGPTL4 in the gastrointestinal tract is less than that in liver or adipose tissue. However, decreased concentrations of ANGPTL4 in the gastrointestinal tract of the mouse affected body fat (Backhed et al., 2004) , and the same could be true for the bovine. Furthermore, analysis of whole-tissue extracts from the gastrointestinal tract can be somewhat misleading because of the relatively small proportion of luminal epithelial cells in the tissue cross-section. When equal amounts of protein were analyzed by Western blotting, a substantial proportion of the protein in samples from the gastrointestinal tract was derived from smooth muscle and connective tissue in the submucosal and serosal layers. When analyzed separately from surrounding cell types by using immunofluorescence, expression of ANGPTL4 in ruminal epithelial cells was equivalent to or greater than that in liver hepatocytes. These findings indicate that ANGPTL4 secretion from the rumen could be altered by nutritional factors and affect bovine physiology. Gastrointestinal synthesis of ANGPTL4 is altered in gnotobiotic models (Backhed et al., 2007b) and also by high-fat feeding in mice (Backhed et al., 2007b; de Wit et al., 2008) . However, neither of these findings provides evidence that dietinduced changes in microbial populations within the gut are adequate to influence secretion of ANGPTL4. Ruminants may be the ideal model for evaluating this possibility because of the ease of manipulating foregut fermentation.
Recent evidence has demonstrated that shifts in colonic microbial populations can alter the profile of VFA produced during fermentation and directly influence body composition in the mouse (Turnbaugh et al., 2006) . Although dietary effects on ruminal fermentation are well described, the mechanisms by which these changes influence host physiology remain poorly understood. Changes in microbial fermentation in the rumen could influence secretion of ANGPTL4 in several ways; the recently characterized receptors GPR41 and GPR43, for example, are activated to varying degrees by different VFA ) and can influence several downstream pathways (Samuel et al., 2008) . It is also possible that direct interactions between microbes and host cells could alter the function of the ruminal epithelial cells (Vaishnava et al., 2008) . These potential mechanisms are worthy of investigation, because ANGPTL4-mediated changes in lipid metabolism may help to explain dietary effects on adiposity in ruminants through their effects on lipase activity and fatty acid oxidation. Furthermore, the defects in intestinal morphology observed in ANGPTL4-null mice (Backhed et al., 2007a ) may indicate a possible role for the protein in postnatal ruminal development.
As an endocrine factor, ANGPTL4 presents several significant challenges for predicting systemic responses to diets. It is secreted by multiple tissues, and it is currently unclear which of these supplies the majority of the circulating protein. In addition to its multiple tissue sources, ANGPTL4 is found in glycosylated and deglycosylated forms (Kim et al., 2000) , it forms multimeric complexes in plasma (Ge et al., 2004) , and it is cleaved into N-terminal and C-terminal fragments with distinct metabolic effects (Yang et al., 2008; Yau et al., 2009) . Clearly, substantial work will be required to understand the effects of diet on ANGPTL4 activity in ruminants. Identification of the putative ANGPTL4 receptor would help accelerate this research.
In summary, we demonstrated that ANGPTL4 is widely expressed in metabolically important tissues in the bovine and is most abundant in liver and adipose tissue. In addition, our observation of greater ANGPTL4 abundance in epithelial cells lining the rumen wall opens the door for future research into the role of this protein in host-microbe interactions in ruminants.
